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by R. A. Lad and G. C ,  Fryburg 
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INTRODUCTION 

It has  been known f o r  sometime t h a t  100 - 1000 ev e l e c t r o n  bom- 
bardment of an a lka l i  h a l i d e  s u b s t r a t e  during o r  immediately p r i o r  t o  
vapor depos i t i on  s t r o n g l y  in f luences  ep i taxy .  Y 3 9 9 5 Workers i n  
several l a b o r a t o r i e s  have shown t h a t  t h e  e l e c t r o n  bombardment a f f e c t s  
t h e  o r i e n t a t i o n  of t h e  f i l m  and i n c r e a s e s  t h e  number of nuc lea t ion  
sites. 
h a l i d e  s u r f a c e  is  a l t e r e d  have involved m a s s  spec t rographic  measure- 
ments of t h e  material r e l eased  from t h e  s u r f a c e  and LEED and Auger 
measurements of t h e  s u r f a c e  s t ructure .6’7’899 

The e f f o r t s  t o  understand t h e  mechanism by which t h e  a l k a l i  m 
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The bombardment causes  t h e  release t o  t h e  vapor phase of a l k a l i  
metal and halogen as n e u t r a l s ,  t h e  halogen being more abundant,  i n  
t h e  range from room temperature  t o  573 K ,  
of Palmberg and Rhoding sugges t  t h a t  t h e  s u r f a c e  d e f e c t s  generated are 
mainly halogen ion  vacancies  and they t h e r e f o r e  p o s t u l a t e  t h a t  t h e  
a d d i t i o n a l  nuc lea t ion  sites formed are c l u s t e r s  of t h e s e  vacancies .  
It w a s  of i n t e r e s t  t o  us  t o  see whether s u r f a c e  F-centers might a l s o  
be  produced. Palmberg and Rhodin repor ted  t h a t  c o l o r a t i o n  i n  K C 1  
w a s  ob ta ined  w e l l  below room temperature  while.T.o.kutaka e t  a1 r e p o r t  
v i s i b l e  c o l o r a t i o n  i n  LiF and NaF a t  room temperature  b u t  no t  i n  
KC1,  N a C l  and MgO. The d e t e c t i o n  technique w e  used w a s  EPR, which 
might a l s o  b e  expected t o  d e t e c t  t h e  presence of f r e e  a l k a l i  metal i f  
i t  e x i s t s  i n  t h e  proper  s t a t e  of subd iv i s ion ,  The p r e f e r e n t i a l  l o s s  
of halogen t o  t h e  vapor might presuppose the r e t e n t i o n  of a l k a l i  metal 
on t h e  su r face ,  

The LEED and Auger s t u d i e s  

EXPERIMENTAL 

The material used i n  t h i s  s tudy  w a s  m e l t  grown Harshaw l i t h i u m  
f l u o r i d e  ground i n  a mortar  t o  a p a r t i c l e  s i z e  range from 250 t o  420 
microns. The bombardment appara tus  is shown schemat ica l ly  i n  F ig ,  1. 
The sal t  w a s  spread i n  a s i n g l e  l a y e r  on a one inch  square  gold p l a t e d  
pan connected t o  ground t h r u  a microammeter. 
t o  be  necessary  t o  prevent  t h e  l i b e r a t i o n  of oxygen from t h e  oxide  
l a y e r  p re sen t  on any o t h e r  pan material, The s a l t  w a s  bombarded up t o  
4 hours  wi th  300 v o l t  e l e c t r o n s  a t  a c u r r e n t  level of 80 microamp/cm2. 
The e l e c t r o n  beam w a s  pu lsed ,  be ing  on 25% of t h e  t i m e  dur ing  a 15 
second cyc le .  
p o s s i b l e  s u r f a c e  charges t o  l e a k  o f f .  An unbaked i o n  pumped vacuum 

Gold p l a t i n g  w a s  found 

Puls ing  w a s  used t o  minimize hea t ing  and t o  permit  
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system w a s  used from which hydrocarbons w e r e  c a r e f u l l y  excluded. 
The p res su re  during bombardment w a s  i n  t h e  range t o  t o r r .  
The concen t r a t ion  of oxygen and n i t r o g e n  i n  the  ambient gas  w a s  re- 
duced t o  a low va lue  by b a c k f i l l i n g  wi th  argon several t i m e s  dur ing  
t h e  i n i t i a l  cryopumping of t h e  system. 

Af t e r  bombardment, t h e  pan w a s  t ipped  by r o t a t i o n  of i ts  support  
and t h e  sa l t  w a s  c o l l e c t e d  i n  a 4 mm qua r t z  EPR tube  which w a s  then  
s e a l e d  o f f .  The EPR spectrum w a s  ob ta ined  a t  X-band frequency. Spec- 
tra were recorded wi th  t h e  sample a t  room temperature  and a l s o  a t  77 K. 
Absolute  i n t e n s i t i e s  and “g” va lue  de te rmina t ions  were obta ined  by com- 
pa r i son  w i t h  a c a l i b r a t e d  p i t c h  sample us ing  a dua l  cav i ty .  

The EPR spectrum w a s  found t o  b e  s t a b l e  w i t h  t i m e  f o r  a t  least a 
week. This  is  i n  c o n t r a d i s t i n c t i o n  t o  t h e  LEED p a t t e r n s  which were 
observed by Tokutaka e t  a17 t o  r econs t ruc t  a f t e r  a few hours  a t  room 
temperature  

RESULTS AND DISCUSSION 

The e l e c t r o n  bombardment f o r  a 4 hour pe r iod  a t  300 v o l t s  and 
80 microamp/cm2 wi th  a 25%-on c y c l e  produced a s l i g h t  t a n  co lo r  and 
d e p o s i t s  which w e r e  b lack  under t h e  l i g h t  microscope. 
p o s i t  was found only  on one s u r f a c e  of the  c r y s t a l l i t e  - presumably 
t h a t  exposed t o  t h e  e l e c t r o n  beam. 

The b l ack  de- 

The EPR s i g n a l  ob ta ined  g e n e r a l l y  cons i s t ed  of two components: 
a narrow l i n e  about 3.5 gauss wide l y i n g  on a broad l i n e  about 70 gauss  
wide (Fig.  2 ) .  The broad l i n e  w a s  a sc r ibed  t o  the  F-centerlOYll i n  
LiF. It had a g va lue  of 2.0017 and f i t t e d  a Gaussian l i n e  shape. 
It obeyed Curie  magnetism on cool ing  t o  77 K and i t  could be destroyed 
wi th  W l i g h t  ( A  = 2537 A ) .  
w a s  no t  apparent  f o r  our  p o l y c r y s t a l l i n e  samples because t h e  hyper- 
f i n e  l i n e s  are angular  dependent. 

The hyper f ine  s t r u c t u r e  u s u a l l y  observed 

The narrow l i n e  w a s  a sc r ibed  t o  l i t h i u m  metal. l2’l3 It had a g 
v a l u e  of 2.00288 and f i t t e d  a Lorentzian l i n e  shape. I f  t h e  F-center 
w a s  removed by W i r r a d i a t i o n  and t h e  sample cooled t o  77 K ,  t h e  narrow 
l i n e  obeyed P a u l i  magnetism and t h e  l i n e  width remained cons t an t .  This  
is  c o n s i s t e n t  w i t h  t h e  observa t ion  by Feher and Kip. l2  
exposure t o  a i r  e l imina ted  t h e  s i g n a l  and converted t h e  b l ack  d e p o s i t  
t o  t h e  l i g h t  reddish-brown c o l o r  c h a r a c t e r i s t i c  of L i 3 N .  The s i g n a l  
w a s  symmetrical even a t  77 K i n d i c a t i n g  t h a t  t h e  l i t h i u m  p a r t i c l e  s i z e  
w a s  less than  a micron i n  d iameter ,  

I n  a d d i t i o n ,  

As  one would expec t ,  minimal exposure t o  n i t rogen  o r  oxygen are 
requ i r ed  i f  t h e  f r e e  metal is t o  be r e t a i n e d  on t h e  su r face .  I n  our  
system, b a c k f i l l i n g  wi th  argon on pumpdown, long i r r a d i a t i o n  t i m e  and a 
gold p l a t e d  pan gave s u c c e s s f u l  r e s u l t s ,  Shor t  i r r a d i a t i o n  t i m e s  o r  
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lower e l e c t r o n  ene rg ie s  (-100 v o l t s )  y i e lded  only  t h e  F band. It 
is  presumed t h a t  t h e  i n i t i a l  p a r t  of t h e  bombardment pe r iod  caused 
t h e  desorp t ion  of s u r f a c e  i m p u r i t i e s  such as water and s o  t h a t  
s h o r t  bombardment t i m e s  o r  lower e l e c t r o n  ene rg ie s  d i d  no t  a l low f o r  
t h e  exposure of c l ean  s u r f a c e  and t h e  formation of l i t h i u m  m e t a l  i n  
t h e  absence of reactive gases .  A heated specimen ho lde r  which would 
a l low f o r  ou tgass ing  a t  h igh  temperatures  is requ i r ed  t o  explore  t h e  
e f f e c t  of e l e c t r o n  energy and s u r f a c e  temperature.  
ene rg ie s  are a l s o  needed t o  determine t h e  depth t o  which F-center are 
formed. It i s  presumed t h a t  they  l i e  w i t h i n  a few atom l a y e r s  of t h e  
s u r f a c e  because t h e  e l e c t r o n  energy i s  too  low t o  a l low deep penetra-  
t i o n .  However, experiments at  several ene rg ie s  lower than  300 v o l t s  
are needed t o  c l a r i f y  t h i s  po in t .  The admission of C02 t o  form 
COz- c e n t e r s  on t h e  s u r f a c e  may a l s o  be  u s e f u l  t o  i d e n t i f y  s u r f a c e  
F-centers i f  t h e i r  concen t r a t ion  is  l a r g e  enough t o  y i e l d  a d e t e c t a b l e  
EPR peak. 
i n t e r a c t i o n  of C02 wi th  s u r f a c e  e l e c t r o n  t r a p s  i n  MgO. 

w i t h  s t r o n g  p i t c h .  The number, 10" p e r  cm2 of i r r a d i a t e d  s u r f a c e ,  
corresponds t o  approximately one atom l a y e r  of l i th ium.  The shape of 
t h e  EPR peak and t h e  observed b lack  d e p o s i t s  l e a d  us  t o  conclude t h a t  
t h e  l i t h i u m  exists as aggrega tes  r a t h e r  than  as a uniformly d i spe r sed  
monolayer. 
observed by Palmberg and Rhodin are i n  f a c t  aggregates  of l i t h i u m  
atoms, t h e i r  s i z e  i s  of t h e  o r d e r  of several hundred atoms f o r  a nuc- 
l e a t i o n  s i t e  d e n s i t y  of lo1* cm-' ( es t imated  from t h e i r  F igs ,  4(a-1) 
and 5(b-2) of r e f .  3 ) .  It i s  reasonable  t o  expect  t h a t  metal atom 
c l u s t e r s  of t h i s  type  would be  p r e f e r r e d  over  nega t ive  i o n  vacancies  
as c r y s t a l l i z a t i o n  n u c l e i  f o r  vapor depos i ted  metal. The f a c t  t h a t  
t h e  F-centers must be formed e i t h e r  on t h e  s u r f a c e  o r  very  c l o s e  t o  
i t  may exp la in  t h e  observa t ion  by t h e  o t h e r  i n v e s t i g a t o r s  t h a t  they  
are observed i n  LiF and NaF bu t  no t  i n  K C 1  and N a C 1 .  Loss t o  
t h e  vapor phase of t h e  n e u t r a l  halogen and concommitant s t a b i l i z a t i o n  
of t h e  F-center would be much more f avorab le  f o r  t h e  f l u o r i n e  atom be- 
cause of i t s  small s i z e .  

602 

Lower e l e c t r o n  

The CO2- r a d i c a l  i o n  has  been observed14 t o  form by t h e  

The number of e l e c t r o n  s p i n s  d t e c t e d  w a s  ob ta ined  by c a l i b r a t i o n  

I f  w e  assume t h a t  t h e  l a r g e r  number of nuc lea t ion  sites 
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Figure 1. - Electron bombardment apparatus. 

Figure 2 - EPR spectrum of electron irradiated LiF. 
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